ABSTRACT: We investigated spatial variations of the bacterial and archaeal community composition in surface waters of the Sea of Okhotsk during summer of 2006, using denaturing gradient gel electrophoresis (DGGE). We determined phylogenetic assemblages, including Actinobacteria, Bacteroidetes, Cyanobacteria, Alpha-and Gammaproteobacteria, and Marine Group II Euryarchaea, and successfully revealed their spatial distribution patterns. At most stations, Bacteria had higher diversity than Archaea, indicated by the relatively higher Shannon-Weaver indexes and numbers of operational taxonomic units (OTUs). Canonical correspondence analysis (CCA) and redundancy analysis (RDA) demonstrated that the community compositions of bacterial populations in the Sea of Okhotsk were closely associated with total prokaryote abundance, while the spatial distributions of bacterial phylogenetic groups were more related to both the concentration of dissolved organic nitrogen (DON) and the ratio of DON versus dissolved organic carbon concentration (DOC:DON). On the other hand, the spatial variation of the community composition of Archaea had no significant association with environmental parameters.
INTRODUCTION
Bacteria and Archaea play crucial roles in biogeochemical cycles of carbon and other elements in the ocean (Azam 1998 , DeLong 2003 . A large fraction of primary production becomes dissolved organic matter (DOM) (Williams 1981) by various mechanisms in the food web, and this part of the primary production is almost exclusively accessible to heterotrophic Bacteria and Archaea (Azam et al. 1983 , Azam 1998 , Fuhrman et al. 2006 . As a result, the uptake of organic matter by heterotrophic prokaryotes is a major carbon-flow pathway, and its variability can change the overall patterns of carbon flux (Williams 1981 , Azam 1998 .
Research in the past 30 yr has revealed that Bacteria dominate abundance, diversity, and metabolic activity in the ocean (Pomeroy et al. 2007) . A major breakthrough in the assessment of marine microbial diversity came with the application of the molecular phylogeny of the 16S rRNA gene (Giovannoni & Rappe 2000) . Afterwards, unexpectedly high diversity and dynamics of bacterial community structures have been found in different oceanic regions, such as the Arabian Sea (Riemann et al. 1999) , the Baltic Sea (Sipura et al. 2005) , the North Sea (Herfort et al. 2007 ), the NW Mediterranean Sea (Schauer et al. 2000 , RodriguezBlanco et al. 2009 , and the Western North Pacific Ocean (Kataoka et al. 2009a ). In addition, Archaea have now been recognized as ubiquitous across the oceans (DeLong 2003) , and are generally more abundant in deep waters (Massana et al. 1997 , Murray et al. 1998 , Teira et al. 2004 . Despite limited reports on the genetic diversity of the free-living assemblages in disparate oceanic environments , considerable functional and biogeochemical diversity within the chemoautotrophic (Wuchter et al. 2003 ) and heterotrophic (Ouverney & Fuhrman 2000 , Teira et al. 2004 ) planktonic marine Archaea have been revealed.
Although there is a growing number of studies investigating microbial diversity and composition in various oceanic regions, the understanding of biotic and abiotic factors that drive the composition and distribution patterns of the microbial communities is still scarce. Strong relationships between the variability of prokaryotic community composition and population shifts in microzooplankton and among viruses have been demonstrated in previous studies (Winter et al. 2004 , Jing et al. 2009 ), while associations between microbial community structure and environmental factors have been explored under various oceanic conditions (Herfort et al. 2007 , Ghiglione et al. 2008 . Little horizontal variation in bacterioplankton community was found among stations just a few kilometers apart (near the Anvers Island in the Antarctic; Murray et al. 1998 ) and 1500 km apart (in the Arabian Sea; Riemann et al. 1999) , whereas significant variation was observed along the coast of the NW Mediterranean Sea (Schauer et al. 2000) .
The Sea of Okhotsk is one of the marginal seas of the North Pacific Ocean. Although the Sea is geographically located at a temperate latitude, it has many characteristics of a polar ocean, namely, large seasonal variation in water temperatures (~14°C) and large amounts of sea ice along the Siberian coast over the northwestern continental shelf of the east coast of Sakhalin Island every winter (Alfultis & Martin 1987) . The Sea of Ohkotsk is recognized as the most productive marine basin amongst the world's oceans (Sorokin & Sorokin 1999) . Nakatsuka et al. (2004) reported that the Amur River water contains approximately 690 µM of dissolved organic carbon (DOC), and the input of DOC from the Amur River to the Sea of Okhotsk is estimated to be ~2.5 Tg C yr -1 . Although the DOC inputs from the Amur River may affect the community composition of Bacteria and Archaea in the Sea of Okhotsk, no study on this has been done yet. In the present paper, we report the spatial distribution of bacterial and archaeal assemblages in the surface water of the Sea of Okhotsk in the context of environmental factors.
MATERIALS AND METHODS
Sample collection. Surface seawater samples (2 to 4 m) were collected at 11 stations representing different oceanographic settings in the Sea of Okhotsk and the western subarctic Pacific during August and September 2006, on board the RV 'Professor Khromov' (Fig. 1) . Between 0.75 and 1.8 l of seawater were filtered on board; first through a 3 µm and then a 0.22 µm pore-size membrane (47 mm diameter, Millipore). The membranes were frozen and stored at -80°C until DNA extraction was done on land.
Water temperature and salinity were measured by a Sea-Bird Electronics CTD system (SBE 911 plus). Chlorophyll (chl) a and macro-nutrient concentrations were determined by a Turner Designs 10-AU fluorometer and a Bran+Luebbe QuAAtro autoanalyzer, respectively ).
Flow cytometry. Water samples (1 ml) were also taken for flow-cytometric determination of the abundance of prokaryotic cells, which included heterotrophic Bacteria, Archaea, and autotrophic picocyanobacteria. Seawater samples were fixed with 0.2% (final concentration) paraformaldehyde and stored at -80°C until analysis. For counting autotrophic and heterotrophic prokaryotes, a FACSCalibur flow cytometer equipped with a 15 mW 488 nm laser with the standard filter setup was used. Forward and right-angle light scatters and green (515 to 545 nm), orange (564 to 606 nm), and red (> 650 nm) fluorescence were recorded, the data saved and analyzed using CYTOWIN software (Vaulot 1989) . Autotrophic picocyanobacteria Synechococcus spp. were distinguished from picoeukaryotes primarily by strong orange autofluorescence from phycoerythrin ). SYBR Green I was added to the samples to a final concentration of 10 -4 of the original stock (Molecular Probes), for enumeration of heterotrophic prokaryotes (Marie et al. 1997) .
DOC and dissolved organic nitrogen (DON). Surface seawater for DOC and DON analyses was taken with a plastic bottle with spigot and filtered with a pre-combusted Whatman GF/F filter by connecting the spigot to an inline plastic filter holder. The filtrates were collected into pre-combusted glass vials with Teflon-lined caps and stored frozen. DOC and total dissolved nitrogen (TDN) were simultaneously measured using a Shimadzu TOC-V equipped with a TNM-1 total nitrogen detector. We modified the catalyst packing of TOC-V and changed the flow rate of the compressed air introduced to the O 3 generator of the TNM-1 to improve the conversion efficiency of nitrogen compounds to excited nitrite. With these modifications, TDN in reference seawater increased by 19% and reached a reasonable value (see below). The detailed analytical procedures are given elsewhere (R. Sohrin et al. unpubl.) . Dissolved inorganic nitrogen (DIN; the sum of nitrate, nitrite, and ammonium) were measured in an aliquot from the same vial used for DOC and TDN analyses, using TRAACS 2000 (Bran+Luebbe) , and DON was calculated by subtracting DIN from TDN. The precision of the quadruplicate analyses of DOC and TDN was 1.5% and 2.8% in coefficient of variation (CV), respectively, and the precision of both DON and the DOC:DON ra-tio, calculated from the precisions of DOC and TDN, was 12% in CV. We checked the accuracy and the consistency of our DOC and TDN measurements using the analyses of the reference seawater (DSR; distributed by D. Hansell's laboratory, University of Miami). The amounts of ) and ) that we measured were quite constant and matched well with the published DOC (41 to 44 µmol C l -1 ) and ) in DSR, respectively (www.rsmas.miami.edu/groups/biogeochem/ Table1.htm).
DNA isolation and amplification. Total genomic DNA was recovered from biomass collected on the 0.22 µm filters, by phenol:chloroform extraction at 60°C after lysis with CTAB buffer containing RNase A and Lyzome. Extracted DNA was stored at -80°C after precipitation with isopropanol and then amplified with primer sets specific to 16S rRNA genes of either Bacteria, i.e. 341F (5'-CCT ACG GGA GGC AGC AG-3') and 926R (5'-CCG TCA ATT CMT TTR AGT TT-3') (Muyzer et al. 1996) or Archaea, i.e. 344F (5'-CGG GGY GCA GCA GGC GCG A-3') (Raskin et al. 1994) and 915R (5'-GTG CTC CCC CGC CAA TTC CT-3') (Stahl & Amann 1991) . A (GC) 40 clamp was attached to the 5' end of the forward primer: 5'-(CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG CCC G-3'). PCR was carried out with 50 µl of a master mix that included 5 µl of 10 × Buffer, 2 µl of MgCl 2 (25 mM), 4 µl of dNTPs (2.5 mM), 0.2 µl of Taq polymerase (5 U), and 1 µl of each primer (10 µM) with the following program: 95°C for 3 min; 30 cycles of 95°C for 1 min, 55°C for 50 s, 72°C for 1 min; and a final extension at 72°C for 10 min. PCR products were stained with ethidium bromide and visualized on a 1% agarose gel with a UV illuminator.
Denaturing gradient gel electrophoresis (DGGE) and sequencing. GC-PCR products were loaded into a 7% polyacrylamide DGGE gel, containing a linear denaturant gradient of 30 to 85%. Electrophoresis was conducted using the Bio-Rad DGGE system in 1 × TAE buffer (pH 8) at 60°C and 100 V for 15 h. After completion, the gels were stained with SYBR Green I (10 000 × dilution, Invitrogen) and photographed with the Fluor-S MultiImager (Bio-Rad). Selected DGGE bands were excised with a sterile stainless blade and soaked overnight in TE buffer (pH 8) at 4°C before being reamplified with the non-GC primer set. The amplicons were purified with the PureLink ™ Quick Gel Extraction Kit (Invitrogen) prior to automatic sequencing with the BigDye Terminator Cycle Sequencing kit v. 3.1 (Applied Biosystems).
Statistic and phylogenetic analysis. DGGE profiles of both Bacteria and Archaea were analyzed with the GelCompar II software (Applied Maths) after being 193 Fig. 1 . Location of sampling sites in the Sea of Okhotsk. Stn A1 was on the western edge of the Western Subarctic Gyre (water depth > 4000 m); Stn A6 was on the north edge of the deep Kuril Basin; Stns B5 and B7 were on the southern end of the continental shelf east of Sakhalin Island; Stn C1 was a nearshore station east of Sakhalin Island; Stns D1 and E9 were in the Derugina Basin; Stns G4, F3, and F7 were located further north of Sakhalin Bay; and Stn G9 was in the shallow waters of Sakhalin Bay normalized against the 1 kb Plus DNA Ladder marker (Invitrogen) loaded and migrated along with samples in the gel. DGGE images were converted to densitometric profiles and the number of operational taxonomic units (OTUs) was calculated based on the number of DGGE band positions in each sample. The relative abundance of each phylotype (band position) was estimated based on the ratio of the specific peak height to the height of the total bands in the profile. Furthermore, the Shannon-Weaver diversity index (H' ) of each sample was also calculated according to the equation H' = -Σ (P i × log P i ), where P i = n i /N, and in turn where n i is the height of a peak and N is the sum of all the peak heights in the densitometric profile.
In order to reveal patterns among stations regarding the distribution of bacterial and archaeal assemblages, detrended correspondence analysis (DCA) was carried out using CANOCO V4.5 (BiometricsPlant Research International) to determine whether linear or unimodal species models were more suitable for our data. In DCA, the correspondence analysis axes are divided into segments, and the sample scores of the second axis are reassigned to be centered on the centroid to remove distortion. The length of the first DCA axis is < 4 for bacterial populations and <1 for archaeal populations; therefore, canonical correspondence analysis (CCA) and redundancy analysis (RDA), which assume unimodal and linear distributions of OTUs along environmental gradients, respectively, were performed for the respective bacterial and archaeal assemblages in order to reveal the relationships between community structures and environmental variables. In addition, RDA was conducted to search for correlations between bacterial groups and environmental factors. The cumulative intensities of DGGE bands belonging to the same bacterial phylogenetic groups were used as species input. Abiotic and biotic factors (see Table 1 ) were included as explanatory variables. The effects of high collinearity among those factors was removed by eliminating variables with variance inflation factors (VIF) > 20, one at a time beginning with the variable with the highest VIF. Forward selection was then used to determine the minimum set of environmental variables that could explain the largest amount of variance in the community. The statistical significance of an explanatory variable added in the course of forward selection was tested with the Monte Carlo permutation test (999 permutations, p ≤ 0.05). For all community ordination analyses, biplot scaling was used.
All sequences obtained from excised bands were submitted to the online RDP-II CHECK_CHIMERA program to check for sequence integrity and chimeras. For each non-chimera sequence, primer sequences were excluded and the NCBI GenBank BLAST program (www.ncbi.nlm.nih.gov) was used to determine their approximate phylogenetic affiliations. All sequences were aligned in the Clustal X program and phylogenetic trees were constructed using the DNADIST and NEIGHBOR programs in the PHYLIP package (version 3.68) (Felsenstein 1989) . Tree topology is supported by the bootstrap values for 1000 replications.
Nucleotide sequence accession numbers. Partial 16S rRNA gene sequences obtained from the present study were submitted and deposited in GenBank under accession numbers GQ201936 to GQ201997 for Bacteria and GQ201923 to GQ201935 for Archaea.
RESULTS

Physical, chemical, and biological characteristics of the studied stations
Environmental variables and biological characteristics for each sampling station are listed in Table 1 . Stn A1 was characterized by high nitrate (7.2 µM) and low chl a (0.48 mg m -3 ) concentrations. Stns A6, B5, and B7 all displayed low nutrient and chl a concentrations in the surface water. Stn C1 had a water depth of only 25 m, a low water temperature (6.7°C), and a high chl a concentration (7.35 mg m -3
). Stns D1 and E9 both were in the Derugina Basin, but differed in nutrient conditions. Stns G4, F3, and F7 were located further north of Sakhalin Bay and had undetectable NO 3 concentrations. Stn G9 in the shallow water of Sakhalin Bay (water depth < 30 m) was strongly influenced by the freshwater discharge from Amur River as indicated by low salinity (16.48) and high chl a concentration (17.25 mg m -3 ); even so, it was both nitrate-and phosphate-depleted. Total heterotrophic prokaryotes (Bacteria and Archaea) ranged from 0.576 to 2.254 × 10 6 cells ml -1
, with the lowest and highest abundance occurring at Stns A1 and G9, respectively. With the exception of Stn A6, where the maximum Synechococcus spp. abundance of 1.9 × 10 5 cells ml -1 was detected, the abundance of Cyanobacteria was generally 1 or 2 orders of magnitude lower than that of heterotrophic prokaryotes. Consequently, the spatial variation of the abundance of total prokaryotes followed that of the heterotrophic prokaryotes.
DOC and DON concentrations ranged from 59.54 to 413.92 µM and 3.10 to 11.15 µM, respectively. Low DOC and DON concentrations occurred at stations in the North Pacific Ocean (Stn A1) and oligotrophic Kuril Basin (Stn A6). On the other hand, Stn G9 in Sakhalin Bay had the highest DOC and DON concentrations, as well as the highest value for the DOC:DON ratio, which indicated a strong fluvial source for its DOM.
Variations in bacterial and archaeal community composition
DGGE profiles of bacterial assemblages exhibited a total of 61 OTUs (different band positions). Numbers of OTUs per sample ranged from 6 at Stn G4 to 18 at Stns E9 and F7 (Table 1) . Highest and lowest ShannonWeaver indexes for bacterial diversity were obtained at Stn F7 (H' = 1.25) and Stn G4 (H' = 0.78), respectively. The numbers and positions of bright DGGE bands in each sample varied remarkably, suggesting distinct distributions of dominant bacterial populations.
As to archaeal assemblages, a total of 72 archaeal OTUs were identified. At most stations, archaeal assemblages had relatively lower Shannon-Weaver indexes and numbers of OTUs compared to the corresponding bacterial assemblages. The lowest and highest numbers of OTUs and Shannon-Weaver index for archaeal assemblages occurred at Stn A6 (OTUs = 4, H' = 0.6) and Stn B7 (OTUs = 18, H' = 1.25), respectively.
Ordination analysis of the bacterial community was carried out using all the DGGE bands and the environmental variables listed in Table 1 . After excluding factors with VIF > 20, 7 environmental variables were used for CCA. Forward selection analysis with significance tests of Monte Carlo permutations indicated that prokaryote abundance contributed significantly to the total variance (λ A = 0.59; p = 0.004). Close correlations were found between prokaryote abundance and the first axis (r = 0.915), between temperature and the second axis (r = 0.763), and between DON and chl a (r = 0.931). The sum of all eigenvalues indicated an overall variance of 3.501 in the data set and the total variance that could be explained by environmental variation accounted for 2.691, as indicated by the sum of all canonical eigenvalues. Regarding the variance of OTU data (DGGE bands), the first axis explained 18.1% of the total variation, the first and the second axes explained 32.7%, and all 4 axes together explained 56.7%. Species-environment correlations factors were almost 1 for all 4 axes, indicating a significant relationship between species and environmental variables.
Biplot scaling of CCA based on the canonical axes 1 and 2 demonstrated the inter-sample relationship (Fig. 2) . Prokaryote abundance explained most of the variation in the phylogenetic composition of Bacteria; temperature explained most of the variation of the second axis. Clear distribution patterns of the bacterial community were shown in the plot: Stn G9, affected by discharge from the Amur River, had high prokaryote abundance, chl a and DOM concentrations, and DOC:DON ratio, but was depleted of inorganic nutrients (nitrate and phosphate), and therefore was plotted , and B7 had low chl a concentrations and prokaryote abundance; thus, all of these stations were plotted opposite to these parameters. After removing factors with VIF > 20, six environmental variables were included in the RDA of the archaeal community. The selected environmental variables explained 56.4% of the total variation in the archaeal community structure, with the 2 main axes explaining 26.1%. Temperature (λ A = 0.12) and NO 3 concentration (λ A = 0.11) explained more of the total variance than other environmental factors and were closely associated with the first (r = 0.663) and second (r = 0.810) axes, respectively. Biplot scaling focused on the intersample relationship (Fig. 3) and demonstrated that Stn C1 with the lowest temperature and DOC:DON ratio was plotted distantly from other stations. Stns A1 and E9 with very high NO 3 concentration were plotted closely to the NO 3 arrow. Stns F3 and F7 with high temperature and DOC:DON ratio were also grouped closely together.
Phylogenetic analysis and community structure
All visualized bands were excised using a clean razor blade. In total, 67 bands were excised from the bacterial DGGE gels and 62 were successfully sequenced; BLAST search indicated that all of them belonged to bacterial domains, with similarities ranged from 85 to 99%.
Neighbor-joining trees were constructed to reveal the detailed relationship of our sequences with other known sequences from the GenBank database. All bacterial 16S rDNA sequences belonged to the bacterial groups of Actinobacteria, Bacteroidetes, Cyanobacteria, Gammaproteobacteria or Alphaproteobacteria (Fig. 4) . Among our bacterial sequences, 22 sequences fell into the clade of marine Cyanobacteria, especially Synechococcus spp.; 7 sequences belonged to the clade of 
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Uncultured Rhodobacteraceae bacterium HG120 (FM958453) Bac-B26 (GQ201979) Uncultured marine bacterium clone S120 (EU919856) Uncultured marine SAR11 bacterium (X52280) Uncultured marine SAR11 bacterium (X52172) Gammaproteobacteria, 9 to the clade of Alphaproteobacteria; the clade of Bacteroidetes included 15 of our sequences and 4 of them were related to uncultured Flavobacteria; 9 sequences fell into the clade of Actinobacteria.
On the other hand, a total of 39 bands were excised from the archaeal DGGE gels, but 26 of the sequences did not have close relatives in the domain of Archaea, and therefore only 13 archaeal sequences were used in the subsequent phylogenetic analysis. All the archaeal 16S rDNA sequences obtained from the present study affiliated with the group Euryarchaeota, and more specifically with Marine Group II Euryarchaea (Fig. 5) .
Distinct bacterial groups dominated at each station ( Fig. 6A) : highest relative abundances (in %) of Actinobacteria and Bacteroidetes were found at Stns C1 and F7, respectively; Cyanobacteria were the predominant group at most stations, with the highest percentage found at Stn G9; Gammaproteobacteria were only recovered at coastal Stns C1, E9, F7, and G9, and accounted for higher percentages at Stn E9 only; Alphaproteobacteria, including Rhodobacteraceae, occurred in relatively higher proportions at Stn G4; and both Gammaproteobacteria and Alphaproteobacteria (non-Rhodobacteraceae) were absent from Stns D1 and F3. Furthermore, RDA biplot illustrated the relationship between bacterial phylogenetic groups and associated environmental factors. The first and second axes contributed 39.5 and 17.3%, respectively, to the overall pattern (Fig. 6B) . The first axis was associated with the DOC:DON ratio, while the second axis was mainly represented by the concentration of DON. DON explained relatively more of the total variance than the other environmental factors analyzed (λ A = 0.21; p = 0.05). The biplot showed Gammaproteobacteria on the left side in Fig. 6B , in the opposite direction of the DOC:DON ratio, which was consistent with their highest relative abundance being found at Stn E9, where the DOC:DON ratio was the lowest among all studied stations. Actinobacteria were distributed distantly from other bacterial phylogenetic groups and in the direction of DON but opposite to temperature, which is in agreement with their high relative abundance being found at Stn C1, with relatively high DON but lowest temperature.
DISCUSSION
Although DGGE is very useful for screening the variabilities of complex microbial community structures on spatial and temporal scales, it should be noted that the band intensity does not necessarily represent the abundance of each phylotype. Previous studies reported that different regions of the 16S rRNA gene under different DGGE conditions might result in different resolutions of separation; only relatively short sequences (~500 bp) were suitable for separation; DNA fragments with a certain amount of sequencing variations may not always possible to be separated (Myers et al. 1985 , Vallaeys et al. 1997 ). In addition, DGGE profiles can only reveal populations whose biomass accounts for >1% of the environmental samples (Muyzer et al. 1993) . Because of the intrinsic limitations of DGGE as mentioned above, plus the possibility of bias introduced during DNA extraction and PCR, DGGE profiles could not be used for the absolute quantitative estimation of a specific phylogenetic group. Consequently, relative abundance is used throughout the text to refer to the proportions of DNA from each phylogenetic group to the total DNA amplified.
Phylogenetic composition of Bacteria and Archaea
Like in other marine environments, bacterial assemblages in the Sea of Okhotsk were composed mainly of Proteobacteria, Bacteroidetes, and Cyanobacteria (Giovannoni & Rappe 2000 , Rodriguez-Blanco et al. 2009 ). Cyanobacteria of the genus Synechococcus are major components of the marine picophytoplankton in the global oceans, and it is not surprising that about one-third of our bacterial sequences belonged to the clade of Cyanobacteria and were closely related to Synechococcus. Phylogenetic diversity of Synechococcus had been previously reported from the Sea of Okhotsk based on discrepancies of the internal transcribed spacer (Jing et al. 2009 ), which showed that Stn G9 was composed exclusively of subcluster 5.2 Synechococcus, while the other stations were dominated by subcluster 5.1 Synechococcus, especially Clades I and IV. Similarly, using the 16S rRNA gene, the results of the present study demonstrate that both marine subcluster 5.1 (Clade I) and 5.2 Synechococcus occurred in the Sea of Okhotsk, and the latter were exclusively detected at Stn G9 in Sakhalin Bay, which receives a large amount of freshwater discharge from the Amur River (Ogi et al. 2001) . The rest of the stations were dominated by subcluster 5.1 Synechococcus, with most of the sequences belonging to Clade I Synechococcus, which is consistent with the conclusion that Clade I Synechococcus were the dominant clade in high-latitude coastal and continental shelf zones (Zwirglmaier et al. 2008) .
Alphaproteobacteria and Gammaproteobacteria generally dominate in open-ocean environments (Giovannoni & Stingl 2005 ) and a recent study also showed that Gammaproteobacteria are predominant in the western North Pacific Ocean where subarctic Oyashio waters encounter subtropical Kuroshio waters (Ka- . A total of 6 sequences of the clade of Gammaproteobacteria were closely clustered with Pseudoalteromonas and 2 others were grouped with Halomonas sp. YDC6-R (EU781524) isolated from deep-sea hydrothermal vent sediment in the Indian Ocean. As Gammaproteobacteria mainly occurred in shallow coastal stations in the present study (Fig. 6A) , it is possible that they were brought to the water column from reduced sediments. In the clade of Alphaproteobacteria, all 9 sequences clustered with marine Rhodobacteraceae bacteria and none of them related to SAR11, which is considered to be the most abundant phylogenetic group in the sea (Morris et al. 2002) and has been detected in the western North Pacific Ocean (Kataoka et al. 2009b) . The reason that sequences belonging to the SAR11 group were not detected in the present study is very likely due to methodological limitation (Sánchez et al. 2009 ). The SAR11 group is known to have a high degree of microdiversity (Acinas et al. 2004) , which may lead to the presence of faint DGGE bands that are hard to identify, retrieve and sequence.
Bacteroidetes have a ubiquitous distribution in various marine systems and are identified as the predominant bacterioplankton group in some oceanic waters, as revealed by fluorescence in situ hybridization (FISH) (Kirchman 2002) . Although Bacteroidetes were not detected in the Oyashio, Kuroshio, and OyashioKuroshio transition regions of the western North Pacific Ocean (Kataoka et al. 2009a) , they were often observed in the Western Subarctic Gyre during an in situ iron fertilization experiment in summer (Kataoka et al. 2009b) . From the Bacteroidetes sequences we found, 11 sequences were grouped with uncultured Bacteroidetes clones obtained in Monterey Bay, Arctic Ocean, or with marine Bacteroidetes isolates (Nedashkovskaya et al. 2003) ; 4 other sequences were related to uncultured Flavobacteria clones obtained from the North Sea (Alonso et al. 2007) .
Actinobacteria are widely dispersed through the marine environments with high diversity and they have been detected as a minor fraction (3.6%) of the bacterial isolates from coastal sediments in the Sea of Okhotsk (Jardillier et al. 2005) . In the clade of Actinobacteria, all 9 sequences exhibited a closer relationship with uncultured actinobacterium clones from the surface water of Chesapeake Bay (Kan et al. 2008) and Streptomyces sp. L142 from the Baltic Sea (Wiese et al. 2009 ) rather than with those recovered from the sediments of the Sea of Okhotsk (Jardillier et al. 2005) .
A general, vertical distribution trend in different marine regions demonstrated that Group II Euryarchaea are the dominant archaeal phylotypes in the surface seawater, while Group I Crenarchaea are the dominant phylotypes at depth . Therefore, it is not unexpected that all the sequences retrieved from the surface water of the Sea of Okhotsk should belong to Marine Group II Euryarchaea, further supporting the dominance of Group II planktonic Euryarchaea in the water layers near the ocean's surface (DeLong 2003) . Another reason for the exclusive constitution of Group II Euryarchaea in the Sea of Okhotsk was potentially the cross-amplification of members of the domain Bacteria resulting from the low specificity of primer Arch915, which has been discussed in detail previously (Wells et al. 2006) . Similarly, using the same primer and DGGE, Winter et al. (2009) also detected only members of Marine Group II Euryarchaea among the archaeal community in the Mediterranean Sea, for which they suggested that the primer sets had caused a skewed amplification toward Euryarchaea.
Marine Group II Euryarchaea generally have greater phylogenetic diversity than Marine Group I Crenarchaea (Church et al. 2003) . In the clade of Group II Euryarchaea, 8 of our sequences were closely related to environmental clones from a temperate North Sea water column (Hoefs et al. 1997) , and 5 sequences were grouped together with uncultured marine Euryarchaea clones from tropical marine waters (Kellogg 2004) . Although archaeal sequences obtained from seawater in the Arctic (Galand et al. 2006) , the Antarctic (DeLong et al. 1994) , and the sediment of the Sea of Okhotsk (Jardillier et al. 2005) were included in the phylogenetic tree, they were rather distantly related to our sequences, which implied that archaeal assemblages in the water column of the Sea of Okhotsk are very distinct from those in the polar seas or sediments.
In the present study, Bacteria showed relatively higher diversity at most stations than Archaea as indicated by both the Shannon-Weaver index and numbers of OTUs, which is in agreement with most studies to date (Aller & Kemp 2008) . However, information is lacking on whether the relative proportions and metabolic activities of Bacteria and Archaea within a specific community are related to their diversity. Limited studies suggest that Archaea are physiologically diverse as a whole, and the diversity of bacterial and archaeal communities may be linked to each other and influenced by the same factors (Aller & Kemp 2008) .
Factors associated with bacterial and archaeal community structures
Environmental parameters were generally considered determining factors for the distribution and abundance of bacterial assemblages (Fuhrman et al. 2008) . For example, changes in nutrient loading could cause variations in the biomass and community composition of Bacteria (Sipura et al. 2005) , and the distinct seasonal shifts of the prokaryotic community composition at the Bermuda time-series study site were found to be closely related to DOC dynamics (Morris et al. 2005) . In a recent study on the bacterial communities in the western North Pacific Ocean, temperature and salinity were found to have high impacts on bacterial assemblages at the Kuroshio stations, while chl a and nitrate concentrations were the determining factors at the Oyashio stations (Kataoka et al. 2009a ). In the present study, multivariate analysis was applied for investigating the abiotic and biotic factors that affect community variations. The remarkable disparities in the spatial variation of the bacterial community among stations detected in the present study appeared to be significantly related to prokaryote abundance. Although geographically adjacent stations, such as Stns A1 and A6, and Stns B5 and B7, had less inter-sample distance on the biplot scaling, the spatial variation of bacterial communities at all stations as a whole could not be explained by geographical proximity.
In addition, organic and inorganic nutrients had been demonstrated to have profound influence on the broad distribution of some major bacterial phylogenetic groups (Giovannoni et al. 1995) . Based on the facts that nutrients, particularly nitrate, were depleted at most of our sampling stations, the Sea of Okhotsk was at the post-bloom condition during the present study ). Multivariate analysis in the present study demonstrated that DON concentration and the DOC:DON ratio explained most of the effects of the environmental factors on the spatial distribution of different bacterial phylogenetic groups in the study area (Fig. 6 ). Based on a study by R. Sohrin et al. (unpubl.) conducted in the surface water across the study area during the same cruise as for the present study, the concentration of DOC (and DON) showed significant positive and negative correlation with chl a and salinity, respectively. Likewise, a negative correlation between salinity and DOC:DON ratio was found, indicating that the quality of DOM changed from the fluvial one (high DOC:DON ratio) to the autochthonous one (low DOC:DON ratio) along the salinity gradient. Those results were consistent with the findings of an earlier study (Nakatsuka et al. 2004 ). It should be pointed out that some bacterial phylogenetic groups were not properly detected due to methodological limitations. For example, Alphaproteobacteria, including SAR11, are known as the most abundant and ubiquitous bacterial phylogenetic group in the ocean (Morris et al. 2002 , Giovannoni & Stingl 2005 ), but were not detected at some of our stations. Therefore, methodological differences in addition to geographical and temporal variations should be considered when comparing different studies.
Besides the depth partition of the different archaeal phylotypes, e.g. Group II Euryarchaea dominating in the surface seawater and Group I Crenarchaea dominating in the deep ocean , no other reports regarding the effects of environmental factors on the spatial distribution of archaeal phylogenetic groups exist. In the present study, the spatial variation in the composition of Archaea in the surface water of the Sea of Okhotsk was mainly influenced by temperature and NO 3 concentration, though neither factor was statistically significant. The results suggest that environmental factors other than measured in the present study might also influence archaeal phylogenetic distributions.
CONCLUSIONS
In conclusion, variations in bacterial and archaeal community structures among stations in the Sea of Okhotsk have been uncovered, which could be explained by the physical, chemical, and biological characteristics of the water column. The phylogenetic compositions of the bacterial assemblages at the 11 stations in the Sea of Okhotsk were mainly associated with total prokaryote abundance, while environmental variables explained very little of the archaeal community composition. In addition, DON concentration and the DOC:DON ratio appeared to be responsible for the spatial distribution of different bacterial taxa. 
